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Abstract
In the present study, the effects of the addition of Nb, W, and V alloying elements on the thermal fatigue 
properties of the ferritic stainless steel weld heat affected zone (HAZ) were investigated. Simulation of the weld HAZ 
and thermal fatigue testing were carried out using a metal thermal cycle simulator (MTCS) under a complete 
constraint force in the static jig. The fatigue life during cyclic heating and cooling in the temperature range of 200 to 
900 °C was strongly related not only to precipitation and coarsening of MX type precipitates and Laves phase but 
also to the Nb content in the solid solution and grain coarsening. The thermal fatigue life increased with higher Nb 
and W contents due to more (Nb,Ti)C precipitates and a less coarsened Laves phase, respectively. Contrary to the 
results with Nb and W additions, there were no obvious effects on grain size and precipitation behavior associated 
with V addition.
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1. Introduction
The maximum operating temperature for an automobile exhaust manifold is known to be around
900°C. However, manifolds experience continuous temperature variation depending on the operating 
conditions of the automobiles [1,2]. These processes cause the heat affected zones (HAZs) of welds to 
experience degradation of thermal fatigue resistance due to grain growth and the reduction of solid 
solution hardening. Materials used for this application require excellent thermal fatigue properties that
can prevent initiation and propagation of cracks. For this purpose, niobium and titanium are gradually 
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added to ferritic stainless steels used in exhaust manifold [1,3,4]. The addition of these alloying elements
can cause the formation of MX type precipitates and laves phase during cyclic heating and cooling (200 
to 900°C), which noticeably affects the thermal fatigue life [5,6]. The aim of this study was to evaluate 
the thermal fatigue properties of 15wt.%Cr stainless steel with the variation of tungsten, niobium and 
vanadium contents.
2. Experimental Procedure
The chemical compositions of the specimens used in this study are given in Table 1. Each specimen
(90 X 6.5 X 1.5 mm3) was machined with a central notch and placed in a holder to minimize buckling.
Subsequently, induction heating was performed as part of the thermal fatigue testing using a metal 
thermal cycle simulator (MTCS, Fuji Electronic Industrial). The experiments were divided into two stages
consisting of 1) HAZ simulation and 2) thermal fatigue tests. In order to simulate the HAZ, the specimens 
were heated to 1,300°C for 10 seconds and then cooled to room temperature. The heating rate was 135°C
/sec and cooling rate was 70°C /sec. The thermal fatigue tests were conducted in the temperature range of 
200 to 900°C until fracture occurred. The heating and cooling rates were 17.5°C /sec and the holding time 
at 900°C was 30 seconds.
Table 1. Chemical compositions (wt. %) of the specimens.
Alloys C Mn Cr W Ti Nb Mo N V
0.5Nb 0.008 0.9 18.49 0.12 0.48 1.7 0.007
3.6W0.3Nb 0.0054 1 14.99 3.6 0.1 0.31 1.52 0.0058
3.6W0.4Nb 0.059 1 14.94 3.54 0.1 0.4 1.47 0.0076
3.6W0.5Nb 0.0046 1 14.95 3.54 0.11 0.5 1.51 0.0068
3.6W0.3Nb0.1V 0.0057 1 15.03 3.5 0.1 0.31 1.54 0.0052 0.111
The specimens were polished to a 0.3 m alumina finish and then etched using an acidic solution (33% 
HNO3/33% HCl/33% CH3COOH) for microstructural observations using an optical microscope (OM,
BX60 M, Olympus) and a scanning electron microscope (SEM, JSM6330F, JEOL). The shapes, mean 
diameters, and diffraction patterns of the precipitates were sampled by a carbon extraction replica and 
analyzed using a transmission electron microscope (TEM, JEOL 2010, 200 kV) with an energy dispersive 
spectrometer (EDS). The diameters of the precipitates were measured by an image analyzer (Image-Pro 
Plus, Media Cybernetics) using 10 TEM images taken at a 3,000X magnification. The dissolution 
temperatures of the precipitates were calculated using Thermo-Calc (TCFE data base) thermodynamic 
software (CALPHAD technique program).
Fig. 1. The results of thermal fatigue simulation of the MTCS.
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3. Results and Discussion
3.1. Thermal Fatigue Test Results
Figure 1 shows the results of thermal fatigue simulations using the MTCS. The 0.5Nb steel showed the 
worst thermal fatigue resistance (fractured at 380 cycles) among all samples. The 3.6W0.4Nb steel 
showed the best thermal fatigue resistance (fractured at 680 cycles) among the 3.6WXNb steels 
containing 3.6 wt.% tungsten (3.6W0.3Nb, 3.6W0.4Nb, and 3.6W0.5Nb). However, increasing the 
niobium content to more than 0.4 wt.% in the 3.6WXNb steel did not improve thermal fatigue properties.
The 0.1 wt% vanadium steel (3.6W0.3Nb0.1V) showed a slightly improved fatigue life compared to the 
3.6W0.3Nb steel.
Fig. 2. The mole fractions of the Laves phase and (Nb,Ti)C type precipitates: (a) 0.5Nb steel; (b) 3.6W0.3Nb steel; (c) 3.6W0.4Nb 
steel; (d) 3.6W0.5Nb steel; (e) 3.6W0.3Nb0.1V steel.
3.2. Thermodynamic Modeling
The equilibrium mole fraction of the Laves phase and (Nb,Ti)C in the ferrite matrix were calculated 
using Thermo-Calc thermodynamics software. The results of the calculations are shown in Fig. 2.
(Nb,Ti)C and the Laves phase are equilibrium phases in the Nb-Ti-Mo alloyed ferritic stainless steels [3].
Based on the Thermo-Calc results, it is predicted that the Laves phase is completely dissolved in the 
temperature range of 865 to 963°C. The equilibrium mole fraction of the precipitates was affected by the 
addition of W and Nb. In addition, the dissolution temperature of the Laves phase increased with 
increasing W and Nb contents. Refractory elements such as W and Nb were added, resulting in the 
formation of intermetallic compounds such as the Laves phase. The increasing content of these elements 
causes the stabilization of intermetallic compounds at higher temperatures [7,8]. Due to the stabilized
Laves phase, the dissolution temperature of the Laves phase is increased. Figures 2(a), (b), (c), and (d)
clearly reveal that addition W and increasing Nb content stabilizes the Laves phase. There were no 
obvious effects on the dissolution temperature of the Laves phase after V addition.
3.3. Microstructural Analysis
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Microstructural analysis was carried out in order to understand the effects of precipitates on grain size.
Specimens that were subjected to 350 thermal fatigue cycles were evaluated by SEM after HAZ 
simulations.
Fig. 3. Scanning electron micrographs of specimens subjected to 350 thermal fatigue cycles: (a) 0.5Nb steel; (b) 3.6W0.3Nb steel;
(c) 3.6W0.4Nb steel; (d) 3.6W0.5Nb steel; (e) 3.6W0.3Nb0.1V.
Fig. 4. SAD patterns and EDS results for the precipitates: (a) MC type; (b) Laves phase; (c) M6C type.
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SEM micrographs of the specimens are shown in Fig. 3. As seen in Fig. 3(b), coarse grains and fewer 
inter- and intra-granular precipitates were observed in specimens with 0.3 wt.% Nb, compared to the 
other specimens. Figures 3(a), (c), and (d) show the increase of the precipitate volume fraction and 
decrease of the grain size of the specimens compared to the 0.3 wt.% Nb sample. In general, more Nb 
carbides formed as Nb content increased. As Nb carbide precipitation increases, it acts to inhibit grain 
growth by pinning the grain boundaries. Hence, segregated precipitates at the grain boundaries impede 
grain growth by the addition of Nb. This comparison demonstrated that the amount of precipitates 
increased and accordingly, grain size decreased with increasing Nb content. 
No significant changes of grain size were observed, despite the addition of W and V contents, without
MX-type precipitation such as VC and WC at the grain boundaries. This is mainly due to the poor 
mobilities of W and V in getting C compared to Ti and Nb [9]. Thus, the pinning effect on the grain 
boundaries was not affected by W and V content.
Fig. 5. Mean diameters of the precipitates: (a) Laves phase and M6C in 0.5Nb steel; (b) Laves phase in 3.6WXNb steel.
3.4 Behavior of Precipitates during Thermal Fatigue Cycling
After HAZ simulation, the precipitation behaviors of the specimens which contain different alloying 
elements were evaluated by SAD pattern and EDS analyses. In Fig. 4, the precipitates are (Nb,Ti)C, M6C,
and the Laves phase is (Fe, Cr)2(Nb, W, Mo), with face-centered-cubic and hexagonal crystal structures, 
respectively. In the M6C EDS spectrum, the Nb peak was higher than the Fe peak, in contrast to spectrum 
of the Laves phase [7].
Table 2. Mole fractions (at. %) of alloying element in the Laves phases.
Thermal fatigue tests were performed over 350 cycles to observe precipitation behavior in the 
simulated HAZ specimens and the precipitates were investigated by TEM. The results clearly reveal that 
the size of the Laves phase differed significantly depending on the amounts of alloying elements that 
were included. Figure 5(a) shows the mean diameter of Laves phase, M6C type precipitates in 0.5Nb steel. 
Alloys Cr Fe W Nb Mo
0.5Nb 9.8 51.1 28.1 11.0
3.6W0.3Nb 9.9 50.5 24.0 7.2 8.4
3.6W0.4Nb 9.7 49.9 23.5 8.7 8.4
3.6W0.5Nb 9.2 50.2 21.7 10.0 8.9
3.6W0.3Nb0.1V 10.1 50.2 24.2 7.0 8.5
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The size of the Laves phase increased in the HAZ up to 50 cycles and then decreased after 50 cycles. This 
indicates that the Laves phase dissolved in the matrix during thermal fatigue cycling at 900°C concordant 
with the dissolution temperature of the Laves phase (865°C) in 0.5Nb steel. The nucleation and growth of 
M6C type precipitates were observed after nearly 50 cycles because the dissolved intermetallic 
compounds (Laves phase) play key roles in the formation of M6C type precipitates. The coarse M6C type 
precipitates cause strength degradation during thermal fatigue testing [3]. However, M6C type precipitates 
were not found in steels containing tungsten due to the high dissolution temperature of the Laves phase,
which is above 900°C. As shown in Figure 5(b), the size of the Laves phase seemed to increase with 
increasing Nb content during the thermal fatigue cycles. V addition had no effect on the size of the Laves 
phase.
Table 2 shows quantitative TEM/EDS analyses results of the alloying element mole fraction in the 
Laves phases. The results show that the compositions of the Laves phases were affected by intermetallic 
forming elements at high temperature. The addition of W affected the increase of the W mole fraction and 
decrease of the Nb mole fraction in the Laves phase. When a refractory element such as W was added to 
the matrix, it resulted in an increase of the Laves phase dissolution temperature due to the stabilization of
the intermetallic, as shown in Fig. 2 [7].  The addition of Nb had significant effects on the decrease of the
W mole fraction and increase of the Nb mole fraction. These results are closely related to the dissolution 
and growth of the Laves phase during thermal fatigue cycles. In addition, the increase of the Nb mole 
fraction in the Laves phase likely increased the growth of the Laves phase. This means that the coarse 
precipitates that were observed with increasing Nb content reduced the effects of solid solution 
strengthening, which in turn increased the thermal fatigue resistance. However, the thermal fatigue 
resistance increased with Nb addition due to the smaller grain size rather than the decrease of solid 
solution strengthening. There were no obvious effects on precipitate behavior after V addition but the 
thermal fatigue life was slightly increased because the remaining V elements in the matrix contributed to 
solid solution strengthening [9].
4. Conclusions
The relationships between thermal fatigue life and precipitate behavior were analyzed after HAZ 
simulation and the following results were obtained.
1) The dissolution temperature of the Laves phase increased with the addition of W due to the increase 
of the W mole fraction in the Laves phase. The stabilized Laves phase contributed to thermal fatigue life 
because M6C type precipitates that degrade thermal fatigue resistance were not formed. Therefore, the 
addition of W enhanced thermal fatigue life.
2) The effects of increasing Nb content showed that grain growth was impeded by (Nb,Ti)C 
precipitates on the grain boundaries but also that Laves phase coarsening occurred in the ferrite matrix 
during thermal fatigue cycles due to the decrease of the W mole fraction in the Laves phase. The thermal 
fatigue life increased with the addition of Nb due to the effect of grain boundary pinning rather than the 
degradation of solid solution strengthening by Laves phase coarsening.
3) No significant differences were observed after V addition. No MX type carbides appeared and the 
mole fractions of alloying elements in the Laves phase were not affected. Thus, thermal fatigue life was 
slightly increased due to the effects of V solid solution strengthening.
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